In this work, the amorphous Eu 3þ -doped TiO 2 spheres were synthesized by low cost mixed-solvent method, while the anatase and rutile spheres can be obtained by annealing the as-synthesized amorphous TiO 2 spheres at elevated temperatures. The optical properties of Eu 3þ -doped TiO 2 spheres were also investigated, and strong red emission (centered at 610 nm) with narrow line-width of 30 nm was observed under 465 nm or 394 nm excitations for the Eu 3þ -doped anatase TiO 2 spheres. Our findings indicate the potential of using Eu 3þ -doped TiO 2 spheres to achieve red emission with InGaN blue light emitting diodes (LEDs). Owing to the high light extraction efficiency in the GaNbased LEDs using anatase TiO 2 spheres as demonstrated in our previous works, this work shows the strong potential of Eu 3þ -doped TiO 2 spheres as the red phosphor material for high efficiency GaN-based white light-emitting diode. V C 2016 AIP Publishing LLC.
I. INTRODUCTION
GaN-based light-emitting diodes (LEDs) have been rapidly developing for modern lighting and display technology due to their superior efficiency. 1 High-efficiency InGaN blue LEDs have been realized in recent decades, [2] [3] [4] [5] [6] [7] [8] [9] which are attributed to the substantial improvement in the material growth, the internal quantum efficiency, and the light extraction efficiency. In recent years, significant efforts have also been devoted to addressing the efficiency-droop issue [10] [11] [12] [13] [14] [15] [16] and optimizing the light extraction efficiency in the InGaN LED devices. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] These advances have resulted in the continuous improvement in the InGaN LEDs performance, allowing the lower energy consumption for higher lumens output.
The development of the high efficiency blue LEDs, coupled with the advances in the yellow phosphor materials, has directly resulted in the revolution of white light technology. 28 Specially, the approach of coating the yellow phosphor material (YAG: Ce 3þ ) on the InGaN blue LEDs has been widely implemented due to the advantage of low-cost, high efficiency, and high temperature stability. However, the high color correlated temperature (CCT $ 6000 K) and the low red color rendering index (CRI < 75) in the yellow phosphor converted InGaN white LEDs are undesirable for indoor lighting applications (CCT < 4000 K and CRI > 80). There are several different methods that can be used to achieve the white light emission with potentially desirable CCT and CRI features, which include the use of (a) red, green, and blue (RGB) multichip LED, (b) multi-emittingcenters single phosphor with blue InGaN LED, and (c) multi-phosphors with blue InGaN LED. 28 The white LED based on the RGB multichip approach provides high color rendering index and high chromaticity stability, but extending the nitride-based LED devices towards longer wavelength especially in the red spectral regime has been found to be difficult due to the fundamental phase separation issue in the high In-content InGaN quantum well (QW) layer. 29 Several approaches have been proposed to achieve red emission including InGaN-delta-InN QW, 30 Eu-doped GaN QW instead of InGaN QW, 31 InGaN with AlGaN interlayer QW, 32 and Type-II InGaN-GaNAs QW. 33 However, these approaches have yet to be practically implemented for white light LED technology due to the high fabrication cost. In comparison to the RGB multichip approach, the multi-emitting-centers single phosphor and multi-phosphors methods are potentially low-cost method, which are similar to the conventional phosphor method. For the case of multiemitting-centers single phosphor method, additional redemitting centers are introduced into the YAG: Ce 3þ lattice to compensate the red spectral deficiency of YAG: Ce 3þ . For the case of multi-phosphors method, a variety of blue, green, yellow, and red emitting phosphor can be chosen and mixed together. While both methods can produce warm-white light with sufficiently high CRI values (80-98), the multiphosphors method provides additional flexibility in developing new phosphors to produce the white light emission from the InGaN blue LED with high CRI and CCT characteristics. Thus, finding the suitable phosphor especially the red emitting phosphor to couple with the yellow phosphor is critical towards generating white light emission from the LEDs. The key for the red phosphor is to obtain high quantum yield material with emission in the red color (k $ 620 nm) while having narrow full width at half maximum (FWHM) ($30 nm).
Recently, TiO 2 material has been suggested as a promising phosphor host material due to the advantages of low cost, high transparency in the visible light region, good thermal, chemical, and mechanical properties. Our recent findings showed that the TiO 2 sphere array with anatase phase placed on top of the GaN-based thin film flip chip (TFFC) LEDs leads to optimum light extraction efficiency as compared to the TiO 2 sphere array with different phases, attributed to the refractive index matching with the GaN material. 24 Our results showed that the optimized extraction efficiency of 86% could be achieved for the TFFC LEDs by using anatase TiO 2 microlens arrays. 26 In addition, our previous works had also demonstrated that the deposition of TiO 2 sphere arrays on top of the LEDs can be carried out through rapid convective deposition method, which is a low-cost, easily implemented, and wafer-scale method. [21] [22] [23] [24] Most recently, Eu 3þ -doped TiO 2 material is suggested to be the promising red phosphor due to the transparency in the visible spectral regime. These developments indicate that the implementation of Eu 3þ -doped TiO 2 spheres as phosphor material will potentially provide a much needed red emission from blue InGaN LED with high light extraction efficiency, which will be important for the white LED technology.
However, the TiO 2 spheres with high quality are not commercially available, and obtaining monodisperse homogenous TiO 2 spheres is challenging due to the critical growth condition. [34] [35] [36] Specifically, the high hydrolysis rate of Titania precursor during the synthesis process leads to the non-uniformity of TiO 2 sphere size, 34 resulting in the light extraction efficiency reduction of LED with TiO 2 sphere arrays. Therefore, the optimization of TiO 2 sphere growth condition to obtain the monodisperse TiO 2 spheres and Eudoped TiO 2 spheres is important for achieving red emission with high light extraction efficiency for the blue InGaN LED.
In this work, the synthesis of the Eu 3þ -doped TiO 2 spheres is carried out through mixed-solvent method and the optical properties of the spheres are investigated. The growth conditions of the TiO 2 spheres were optimized taking into account the effects of ammonia, the ratio of acetonitrile to acetone in the mixed solvents, and the concentration of titanium tetrabutoxide (TBOT). The phase transformation condition was also investigated by the thermal annealing process, in which the amorphous TiO 2 were transferred to the anatase TiO 2 and rutile TiO 2 . Our photoluminescence (PL) measurement shows peak emission at 610 nm (red) under the light excitation of 465 nm (blue) and 394 nm (violet) for the Eu 3þ -doped TiO 2 spheres. Our study suggests the strong potential of applying Eu 3þ -doped TiO 2 spheres in high efficiency white LEDs.
II. SYNTHESIS OF Eu

-DOPED TiO 2 SPHERES
Recently, mixed-solvent method has been developed into an effective method to obtain monodisperse spherical particles, such as CeO 2 and CdS. 37, 38 Adjusting the ratio of mixed solvents not only can slow down the hydrolysis rate but also can control the diffusion rate of the precursors, both of which have significant effect on the morphology of the particles. In the synthesis of TiO 2 spheres via mixed solvent method, the TBOT was used as the precursor and the ammonia served as the catalyst. The ethanol and acetonitrile were used as the solvent in the process. All the reactants were used without further purification. In order to investigate the effect of ammonia on the morphology of TiO 2 spheres, two samples of TiO 2 particles were prepared in the ethanol solvent with and without ammonia, respectively. Also, to investigate the effect of acetonitrile on the formation of TiO 2 particles, we adjusted the ratio of acetonitrile to ethanol. As a typical synthesis, two solutions were prepared by mixing acetonitrile and ethanol with different ratios. The mixed solution was then stirred for 30 min. Next, an amount of ammonia and TBOT were added to the two solutions, respectively. After substantial stirring, the two solutions were mixed and stirred for 2 h. The obtained products were centrifuged and washed with absolute ethanol for 4 times. Afterwards, the samples were dried at 80 C for 12 h. Figures 1(a) and 1(b) show the scanning electron micrograph (SEM) images of TiO 2 particles prepared in the ethanol without and with ammonia, respectively. Note that the concentration of the chemicals except the ammonia in each reaction was the same. Without the addition of the ammonia, the irregular TiO 2 particles were obtained as shown in Figure 1 (a). However, when the distilled water was substituted by the ammonia, more spherical particles can be formed as shown in Figure 1 (b). This finding indicated that the NH 3 ÁH 2 O played a very important role in forming the spherical particles. In the process, the ammonia was decomposed into ammonium (NH 4 þ ) and hydroxide (OH À ); thus, the NH 4 þ overcame repulsive barrier and drew the negatively charged TiO À together. The formation mechanism of TiO 2 spheres is illustrated in Figure 2 . The NH 4 þ is firstly absorbed by the negatively charged TiO À forming the cores of the particle. Afterwards, the TiO À migrates to the core and starts the condensation process. Therefore, the ammonia contributes to the formation of spherical TiO 2 particles.
Though the spherical particles were formed under the assistance of ammonia, the particles tended to stick together as shown in Figure 1 (b), due to the high solubility of TBOT and its hydrolysates. Note that the hydrolysis of TBOT molecules will result in the coexistence of TBOT and its hydrolysates in the solution. Due to the high solubility of TBOT and its hydrolysates in the ethanol, the interaction between the solute and the solvent molecules was significant leading to the unseparated spherical particle aggregate. In contrast, the solubility of TBOT and its hydrolysates is relatively lower in the acetonitrile as the solvent. As a result, when a certain amount of acetonitrile is added to the ethanol solution, the interactions between solutes (TBOT and its hydrolysates) and solvents (ethanol and acetonitrile) became weaker. Therefore, the TBOT can easily diffuse onto the surface of hydrolysates and then hydrolyze and condense under the catalysis of NH 4 þ to form monodisperse spherical TiO 2 particles. This means that the optimized diffusion process for TBOT and its hydrolysates can be achieved by adjusting the ratio of ethanol to acetonitrile. Figures 1(c) and 1(d) show the SEM images of the monodisperse TiO 2 spheres obtained using the 3:1 ratio of ethanol to acetonitrile.
The size of TiO 2 particles depends on the concentration of TBOT in the mixed solvent. Note that the hydrolysis rate is one of the key factors determining the size of TiO 2 particles as faster hydrolysis rate yields larger TiO 2 particles. [34] [35] [36] By reducing the TBOT concentration, 36 the hydrolysis rate decreases leading to smaller TiO 2 particles. In addition, the reaction temperature has significant effect on the particle size. High reaction temperature promotes hydrolysis of TBOT and then increases the number of titania nuclei. As a result, the size decreases with decreased reaction temperature. 39 This explains why the reaction happens at ambient temperature.
The structure of TiO 2 particles was analyzed by X-ray diffraction (XRD) (Rigaku D/max-2000 X-ray powder diffractometer) using Cu Ka radiation (k ¼ 1.54178 Å ). The overall images and sizes of the particles were characterized by field emission scanning electron microscopy (SEM, S-4800). The excitation and emission spectra were measured by fluorescence spectrometers (Hitachi F-4500 and F-2700). peak was observed for the sample annealed at 350 C indicating that no phase transformation occurs. Several diffraction peaks appeared for the sample annealed at 500 C, which implies the phase transforming from amorphous to anatase phase of TiO 2 (JCPDS 21-1272). No other phase pattern for rutile or brookite TiO 2 could be found at this temperature. When the annealing temperature increased to 800 C, all the diffraction peaks correspond to the rutile phase of TiO 2 (JCPDS 21-1276). From the XRD patterns, the sample annealed at 650 C consists of both anatase and rutile phases, as diffraction peaks of both phases were observed at this annealing temperature.
As the monodisperse TiO 2 spheres can be obtained by using the mixed-solvent method, the Eu 3þ -doped TiO 2 spheres could be synthesized in the similar manner. In our study, the Eu 3þ -doped TiO 2 spheres were prepared as following: two identical solutions were prepared by mixing acetonitrile and ethanol. The mixed solution was stirred for 30 min. Then a specific amount of ammonia was added to one of the two solutions, and Eu(NO 3 ) 3 and TBOT were added to the other solution. Note that the concentration of the Eu 3þ in the Eu 3þ -doped TiO 2 spheres can be determined by calculating the ratio of Eu(NO 3 ) 3 and TBOT in the synthesis. In other words, the quantities of the Eu(NO 3 ) 3 and TBOT that need to be added in the synthesis can be calculated by using the following equations:
where n TBOT is the quantity of Titanium (IV) n-Butoxide in the unit of mol. The concentration C TBOT mol L or molarÞ À used in Equation (1) is generally labeled on the bottle of the substance and V TBOT ðLÞ is the volume of TBOT solution added in the reaction. The molar mass of the Eu(NO 3 ) 3 hexahydrate is given by 446 g mol
À Á
and the Q% represents the percentage desired to be used in the reaction. Note that the percentage (Q% of Eu 3þ -doped TiO 2 ) indicated in the experiment represents the molar mass ratios of Eu(NO 3 ) 3 and TBOT used in the synthesis of the nanomaterials. After substantial stirring for half an hour, these two solutions were mixed and stirred for another 2 h. The obtained products were centrifuged and washed with absolute ethanol for 4 times, and then dried at 80 C for 12 h. Afterwards, the as-prepared Eu 3þ -doped TiO 2 particles were annealed at 350 C, 500 C, 650 C, and 850 C for 2 h, respectively. Figure 4 shows the PL excitation spectrum corresponding to the 611 nm emission of Eu 3þ doped TiO 2 . The spectra exhibit several sharp peaks owing to the Eu 3þ f ! f transition and a broad excitation band with a maximum at 270 nm. Tsuboi and co-workers observed two broad excitation bands in Eu 3þ doped TiO 2 nanoparticles at around 320 nm and 270 nm. 21, 22 The 320 nm excitation band is the same as the absorption band observed in non-doped TiO 2 . Therefore, the 320 nm band was attributed to the band-to-band transition in the host lattice while the 270 nm band corresponds to the charge transfer (CT) band from the 2p orbital of O 2À ligands to the 4f orbital of Eu 3þ ion. Zeng and coworkers also measured the excitation of Eu 3þ -doped TiO 2 nanotube and concluded that the peak at 275 nm is attributed to the charge transfer between Eu 3þ and O 2À and the excitation peak at 312 nm is attributed to the energy transfer from the TiO 2 nanotube matrix to Eu 3þ ions. 40 In our experiment, only the 270 nm band was observed. There are two possibilities: it is either CT band or the absorption band of TiO 2 .
III. OPTICAL PROPERTIES AND THEIR POTENTIAL APPLICATION IN WHITE LEDS
The clarification of the origin for this 270 nm broad band absorption can be done by performing the excitation and PL measurement for the undoped TiO 2 spheres annealed at 350 C, 500 C, 650 C, and 850 C as shown in Figure 5 . The PL spectrum under 270 nm excitation exhibits a broad ultraviolet emission band centered at 380 nm with FWHM of about 69 nm [see Figure 5 (a)], which is attributed to electron transition from the conduction band (CB) to the valence band (VB). For the PL excitation (PLE) spectra monitoring 380 nm emission, a broad excitation band with peak at 270 nm was observed [see Figure 5 absorption of TiO 2 . When the TiO 2 is excited by the UV light, the excitation energy absorbed by TiO 2 promotes the electrons from VB to CB. Some of the electrons are excited from the valence band and then trapped to the defect states. Through the non-radiative decay process, the electrons in the defect states recombine with the holes in the VB resulting in the UV emission. Compared to the reported TiO 2 crystals, [41] [42] [43] the TiO 2 spheres synthesized in this work yield a larger band gap, which is consistent with the results from Pan and coworkers. 44 The larger band gap observed in our study is attributed to the amorphous phase of the TiO 2 particles, 45 as indicated in the XRD patterns. Thus, the 270 nm broad band absorption most possibly originates from the undoped TiO 2 spheres. Note that the CT band between the O 2À and Eu 3þ will result in 275 nm peak in the PLE spectra, 40 leading to overlapping between the CT band and the 270 nm broadband absorption from the un-doped TiO 2 spheres. Thus, the CT band between the O 2À and Eu 3þ could not be observed in the PLE spectrum. This result suggested that Eu 3þ emission is associated with an energy transfer process from the TiO 2 to the Eu 3þ . More information about the energy transfer between TiO 2 and Eu 3þ can be obtained by the investigation of the emission spectra of TiO 2 doped with various molar ratio concentrations Q% of Eu 3þ . The PL spectrum with 270 nm excitation for the samples with Eu 3þ molar ratio concentration Q% ¼ 0%, 1%, 10%, and 15% is shown in Figure 6 (a), respectively. For the purpose of comparison, the spectrum is normalized by 380 nm emission. Compared to the un-doped TiO 2 spheres, five emission peaks at 576, 590, 611, 649, and 697 nm can be observed as the Eu 3þ molar ratio concentration increased. These 5 different peaks correspond to the Eu 3þ transition from , 1, 2, 3, 4) , respectively. 46 These peaks show strong inhomogeneous broadening, which is attributed to the distribution of the Eu 3þ in the amorphous titania region and also the larger ionic radius of Eu 3þ (0.098 nm) compared to that of Ti 4þ (0.068 nm). 47 Figure 6(b) shows that the integrated emission intensity centered at 610 nm increased with the increase of the Eu 3þ molar ratio concentration. The transition of Eu 3þ centered at 610 nm is lower than that of TiO 2 peaking at 380 nm at relatively lower Eu 3þ molar ratio concentration (Q% ¼ 1%), which is reversed by increasing the Eu 3þ molar ratio concentration. This implies the energy transfer process between the TiO 2 and Eu 3þ that has been proved by Tachikawa et al. 48 Our findings are consistent with the conclusion obtained by Zeng et al. 49 that the emission from Figures 7(a) and 7(b) , there is a strong emission peak at 610 nm (red) for Eu 3þ -doped TiO 2 spheres under the excitation light of either 394 nm (violet) or 465 nm (blue). This indicates a strong potential of using GaN blue LED to obtain the red light emission in the 610 nm regime by applying the Eu 3þ -doped TiO 2 spheres. In addition, the emission intensity under the excitation of 394 nm and 465 nm increased with the increase in Eu 3þ molar ratio concentration, which is attributed to the increased luminescent center in the TiO 2 matrix. Figure 8 illustrated the PL investigation of the Eu 3þ -doped TiO 2 particles with various annealing temperatures. The emission spectra of 10% Eu 3þ -doped TiO 2 at various annealing temperatures are shown in Figure 8(a) . The emission intensity peaking at 610 nm varies accordingly with the annealing temperature. Specifically, the maximum intensity can be observed for Eu 3þ -doped TiO 2 particles annealed at 500 C. Further increase in the annealing temperature leads to the reduction of the emission intensity peaking at 610 nm. Note that the emission intensity for the Eu 3þ -doped TiO 2 spheres annealed at 350 C is also smaller than that of Eu 3þ -doped TiO 2 spheres annealed at 500
C. This indicates that the anatase Eu 3þ -doped TiO 2 spheres (annealed at 500 C) provide the highest red light conversion intensity from 465 nm blue light excitation, as compared to the amorphous and rutile Eu 3þ -doped TiO 2 spheres. Figure 8(b) shows the excitation spectra of Eu 3þ -doped TiO 2 sphere with molar ratio concentration Q ¼ 10% at various annealing temperatures. As shown in Figure 8(b) , both the 394 nm and 465 nm absorption peaks exist for the asprepared sample and samples with low annealing temperature (<750 C). However, only the 465 nm absorption peak could be observed when the annealing temperature increased up to 750 C and beyond. This phenomenon observed in our PL measurement for the samples annealed at high temperature is likely attributed to the phase changes in the sphere structures. When the Eu 3þ -doped TiO 2 spheres are annealed at high temperature of 900 C, the phase is transformed from amorphous to rutile structure, resulting in the modification in the luminescent properties of the spheres. Specifically, the intensity of absorption centered at 465 nm initially increased with increased annealing temperature and then the maximum intensity was observed for the sample annealed at temperature of 500 C, which corresponds to the anatase phase of TiO 2 . The intensity then started to decrease with further increase in temperature. Figure 8 (c) shows the normalized excitation spectra for the 10% Eu 3þ -doped TiO 2 spheres annealed at different temperatures. By normalizing the excitation spectra with respect to the 465 nm absorption peak, obvious trend can be observed that only 465 nm peak will exist when temperature increased beyond 500 C. For further understanding on how the Eu 3þ concentration affects the red emission property of the Eu 3þ -doped TiO 2 spheres, we performed an experiment with higher molar ratio percentage (Q) of Eu(NO 3 ) 3 and TBOT. The comparison was performed for samples with Q-ratios of 75% and 10% following the same synthesis procedure. Afterwards, the samples were annealed at various temperatures and then characterized by PL measurement with Hitachi F2700. Figures 9(a) 2 spheres as a function of annealing temperature has scientific merit. Note that the difference in molar ratio concentration of dopant in the TiO 2 spheres shows significant differences in the properties with annealing temperature, which will be the topic of interest for future optimization studies of these nanomaterials.
It is important to note that our study at the moment is focused in optimizing the synthesis of Eu 3þ -doped TiO 2 spheres and demonstrating the potential of using Eu 3þ -doped TiO 2 spheres for blue or ultraviolet light converting into red light emission. Note that the light extraction efficiency has been shown to increase significantly by using the LEDs with TiO 2 sphere arrays. 24 This indicates the potential of Eu 3þ -doped TiO 2 spheres in enhancing the emission efficiency. However, the research in the Eu 3þ -doped TiO 2 spheres is still in the early development stage and further studies will be required to investigate the emission efficiency of the Eu 3þ -doped TiO 2 spheres, which will be important for practical device implementation.
IV. CONLUSION
In conclusion, the synthesis of the Eu 3þ -doped TiO 2 spheres has been performed through mixed-solvent method and the optical properties of the spheres are investigated. The growth conditions of the mixed solvents method were optimized by incorporating ammonia and acetonitrile to obtain monodisperse TiO 2 spheres. The phase transformation condition of the Eu 3þ -doped TiO 2 spheres was also investigated by thermal annealing process, in which the amorphous, anatase, and rutile TiO 2 particles were obtained under 350 C, 500 C, and 750 C, respectively. Afterwards, our study also evaluated the optical properties by using PL measurement, which shows the peak emission at 610 nm (red) under the light excitation of 465 nm (blue) and 394 nm (violet) 
